Bloom SR, Murphy KG. A kisspeptin-10 analog with greater in vivo bioactivity than kisspeptin-10.
KP-10 significantly increased total testosterone levels in mice whereas the same dose of KP-10 had no significant effect. Should manipulation of the kisspeptin/KISS1R signaling system prove therapeutically useful, long-lasting analogs such as [dY] 1 KP-10 may have greater therapeutic potential than endogenous forms of kisspeptin.
Kiss-1; KISS1R; agonist; luteinizing hormone; testosterone THE KISSPEPTINS ARE POTENT neuropeptide stimulators of the hypothalamo-pituitary-gonadal (HPG) axis, acting via the G proteincoupled receptor KISS1R (also known as GPR54) (11, 17, 23) . Absence of kisspeptin signaling in rodents and humans results in hypogonadotrophic hypogonadism (HH) and lack of sexual maturation (4, 29) . Conversely, administration of exogenous KP-10 to immature rats stimulates sexual maturation and induces precocious puberty (21) . Furthermore, kisspeptin stimulates the release of LH, FSH, and testosterone when administered centrally or peripherally to male rats or primates (7, 14, 18 -20, 30, 33) , and peripheral administration of kisspeptin stimulates gonadotrophin release in male and female humans (5, 6) . Studies have shown that kisspeptin is likely to have its main action at the level of the hypothalamus (7, 10, 15, 20, 30, 33) , although direct actions on the pituitary have been suggested (20) .
The KiSS-1 gene that encodes kisspeptins was first discovered as an antimetastasis gene (12) , and kisspeptins have been suggested as a possible treatment for endocrine-related cancers (22) . Manipulation of the kisspeptin signaling system has therapeutic potential. Drugs based on the kisspeptin molecule are potential treatments for delayed puberty and HH, as well as metastatic cancer (3, 13, 26) . However, the kisspeptins themselves may be of limited clinical utility because of their short circulating half-life (32) . The endogenous kisspeptins are cleaved from a 145-amino acid precursor protein. All share the common COOH-terminal decapeptide sequence YNWNSFGLRF-NH 2 , which comprises KP-10, the smallest endogenous kisspeptin that has significant bioactivity at the KISS1R (1, 17) . Rational modification of the KP-10 molecule may result in a kisspeptin analog with increased bioefficacy and may also identify points within the kisspeptin-10 molecule that are susceptible to enzymatic degradation.
Previous studies have investigated the effect of rational modification of the KP-10 molecule on activity at the KISS1R. The five COOH-terminal amino acids of KP-10, in particular residues 6, 8, 9, and 10, appear critical to agonistic activity at the human KISS1R (22, 24, 34) Gutierrez-Pascual et al. (8) investigated the effect of modifications to rat KP-10 on activity at the rat Kiss1r and concluded that residues 6 and 10 are also crucial for bioactivity in this system. Roseweir et al. (27) screened a number of human KP-10 analogs for agonistic and antagonistic activity at the human KISS1R, determining that specific amino acid substitutions at positions 1, 5, and 8 could produce a high-affinity KISS1R antagonist.
All the kisspeptins bind to KISS1R with similar affinity (11). KP-54 has been reported to have a more potent effect than KP-10 and KP-14 on gonadotrophin release following peripheral administration in rats, possibly because of its resistance to enzymatic breakdown, and correspondingly longer half-life (32) , although other data suggest that they have a similarly potent effect in mice (16) . Thus it is important to study the effect of rational modifications to the structure of KP-10 in vivo as well as in vitro.
We designed and synthesized 21 analogs of KP-10. All analogs were tested for in vitro receptor binding and in vitro bioactivity. In vivo studies were then carried out on those analogs showing a high level of in vitro activity, or those that bound strongly to the KISS1R. This approach has determined that a modified form of KP-10, [dY] 1 KP-10, has a more potent stimulatory effect on the HPG axis in vivo than the endogenous peptide.
MATERIALS AND METHODS

KP-10 Analog Design
Sequential modifications were made to the human kisspeptin molecule. First, an alanine scan replaced each amino acid in turn with the neutral amino acid alanine. Analogs with specific amino acids exchanged for a structurally similar alternative, or for the equivalent D-amino acid, were also designed (see Table 1 for sequences). Peptides were synthesized by the F-moc solid phase peptide synthesis technique (2) by The MRC Peptide Synthesis Core Facility, Imperial College London.
Preparation of CHO-KISS1R Membranes
Chinese hamster ovary (CHO) cells, which had been stably transfected with the human KISS1R (CHO-KISS1R cells) (kindly donated by Prof. M. Parmentier, IRIBHN, Brussels, Belgium) were cultured in GIBCO Ham's F12 medium (Invitrogen, Paisley, UK) containing 10% fetal bovine serum and 100 IU/ml penicillin and 100 g/ml streptomycin. Membranes were prepared by homogenizing and differential centrifugation, as previously described (25) . Briefly, cells were scraped into PBS, added to 100 ml of 1 nM pH 7.4 HEPES buffer, and centrifuged for 15 min at 1,450 g. The resultant pellet was resuspended in 50 nM HEPES buffer, by use of a motorized homogenizer (IKA). The mixture was then centrifuged as previously described, and the resulting supernatant was ultracentrifuged (Sorvall, Stevenage, UK) at 105,000 g at 4°C for 1 h. The resulting membrane was used for receptor binding assays as described below.
Receptor Binding Assay Using CHO-KISS1R Membranes
Assays were carried out in siliconized Eppendorf tubes in 500 l of buffer (2 mM MgCl 2, 6.5 mM CaCl2, 20 mM HEPES pH 7.4, and 1% BSA). Unlabeled peptide (at a final concentration of 200, 20, 5, 1, 0.2, 0.02 and 0.002 nM) was incubated with 50 l radiolabeled [
125 I]KP-54 iodinated by the iodogen method (25) , and 100 g CHO-KISS1R membrane protein at 30°C for 30 min. Following incubation, tubes were centrifuged at 16,000 g for 3 min and the supernatant was discarded.
The pellets were washed in 500 l of assay buffer and centrifuged at 16,000 g for a further 3 min, and the supernatant was discarded. Pellets were counted in a gamma counter (model NE1600, Thermo Electron) for 240 s.
Effect of KP-10 and Analogs on ERK1/2 Phosphorylation In Vitro
In the CHO-KISS1R cells used, KISS1R receptor activation results in increased ERK1/2 phosphorylation (23). The CASE kit (tebu-bio, Northampton, UK) uses a cell-based ELISA technique to determine relative levels of phosphorylated ERK1/2 within plated cells. CHO-KISS1R cells were plated into 96-well plates (Nunc) and allowed to grow to confluency overnight. Cells were then washed with 100 l of serum-free Ham's F12 media containing 100 IU/ml penicillin and 100 g/ml streptomycin (GIBCO). In initial experiments, cells were treated with 100 -1,000 nM KP-10 or 1,000 nM analogs in 100 l for 5 min. Subsequently, the dose-response effects of KP-10 and [dY]
1 KP-10 (ANA19) were compared by incubating cells in 0.1, 1, 10, 100, 1,000, or 10,000 nM of either peptide for 5 min. Following treatment, the medium was then removed and the cells were fixed with 4% formaldehyde buffer and stored at 4°C until measurement of ERK1/2 phosphorylation.
The ELISA was carried out according to the manufacturer's instructions. Briefly, fixed cells were incubated with 50 l of supplied anti-phosphoERK or anti-panERK primary antibody solution at room temperature for 1 h. They were then treated with secondary antibody and finally treated with a color-changing substrate. The absorbance of each well was measured at 450 nm via a spectrophotometer (Labsystems Multiskan MS, Cambridge, UK). Finally cells were stained with the supplied cell-staining solution to determine relative cell number in each well, and absorbance was read at 595 nm. The 450-nm reading was then normalized by dividing it by the 595-nm reading of the same well to reflect the cell number.
Animals
Studies were carried out on adult male C57Bl/6 mice. Animals weighed between 20 and 25 g at the time of the study and were caged in groups of 8 -11. All animals were maintained under controlled temperature (21-23°C) and a 12:12-h light-dark cycle (lights on at 0700) with food (RMI diet, SDS) and water available ad libitum. Animal procedures carried out in the department were conducted under the British Home Office Animals Scientific Procedures Act 1986 (Project Licence 70/6402) and were authorized by the Home Office after successful completion of the local ethical review process.
LH and Total Testosterone Response Following ip Administration of KP-10 in Mice
Mice were injected intraperitoneally (ip) at time 0 on the study day with either saline or KP-10 at 0.3, 1, 10, or 30 nmol. At t ϭ 20 min, mice were euthanized by CO 2 inhalation, and blood was collected immediately by cardiac puncture. Blood was stored on ice until centrifugation at 15,600 g for 7 min, and plasma was stored at Ϫ80°C until assay. Plasma was assayed by RIA for LH, FSH, and total testosterone.
Initial Study To Determine In Vivo Effect of Selected Kisspeptin Analogs
Under the protocol described above, male C57Bl/6 mice were ip injected at t ϭ 0 either with 0.5 nmol KP-10 or with kisspeptin analogs with an IC 50 Ͻ 10 nM in our initial receptor binding studies. Analogs were administered at doses chosen to reflect their binding affinity to KISS1R relative to KP-10 itself, as determined in initial receptor binding studies [dose in nmol ϭ (analog IC 50/KP-10 IC50) ϫ 0.5]. At t ϭ 20, mice were euthanized, plasma was collected, and LH and testosterone were measured by RIA.
During the course of these studies, a study investigating the effect of a number of KP-10 analogs on a pheromone-responsive LacZ reporter gene system in yeast was published (22) . The study did not test the analogs for receptor binding affinity or in vivo efficacy at stimulating gonadotrophin or testosterone release. However, their data did suggest that [A] 5 KP-10 (ANA5 in our studies) might act as a 
KISS1R superagonist and that [A]
8 KP-10 (ANA8 in our studies) did not activate KISS1R in their system. Given that ANA8 did bind to KISS1R in our experiments, we hypothesized that it might act as a KISS1R antagonist. Therefore, as previously described, C57Bl/6 mice were ip injected at t ϭ 0 with 0.5 nmol KP-10, or with kisspeptin ANA5 at 0.5 nmol or ANA8 at 0.5 or 10 nmol. At t ϭ 20 min, mice were euthanized, blood was collected and separated, and LH and testosterone were measured by RIA.
Comparing the Dose-Response Effect of ip [dY]
1 KP-10 and KP-10 on Plasma LH and Testosterone
As previously described, male C57BLl/6 mice were ip injected at t ϭ 0 with either KP-10, or with kisspeptin analog 19 ([dY] 1 KP-10) at 0.015, 0.05, or 0.15 nmol. At t ϭ 20, mice were euthanized, blood was collected and separated, and LH and testosterone were measured by RIA.
Comparing the Time Course of the Effect of ip [dY]
As previously described, male C57Bl/6 mice were ip injected at t ϭ 0 with either KP-10, or with [dY] 1 KP-10 at 0.5 nmol. At t ϭ 20, t ϭ 60, mice were euthanized, blood was collected and separated, and LH and testosterone were measured by RIA. A subsequent study was performed using doses of 0.15 nmol of KP-10 and [dY]
1 KP-10 and including an additional t ϭ 120 time point.
RIAs
LH and FSH plasma levels were measured by use of reagents and methods obtained from the National Hormone and Pituitary program (Dr. A. Parlow, University of California, Harbor Medical Center, Los Angeles, CA), and the radiolabeled peptides were prepared by the chloramine-T method (28) . The RIAs were prepared in 0.06 M phosphate EDTA buffer (pH 7.4) and left to incubate for 3 days at 4°C before separation by immunoprecipitation. Results were calculated in terms of a National Institute of Diabetes and Digestive and Kidney Diseases standard preparation. The intra-and interassay coefficients of variation were 8.2 and 13.6%, respectively, for LH and 8.3 and 12.4%, respectively, for FSH. Plasma total testosterone was measured by using a commercially available kit (Siemens Biomedical). Assays were carried out according to the manufacturers' instructions. Briefly, standards ranging from 0 to 55 ng/ml, as provided, and plasma samples were added to antibody coated tubes (as provided) in 50 l volumes. Radiolabeled 125 I-total testosterone was added to tubes in 1-ml volumes (ϳ1,000 cps/tube). The tubes were then vortexed and incubated at 37°C for 3 h before counting and data reduction. The intra-and interassay coefficients of variation were Ͻ 10%.
Statistical Analysis
Curves and IC50 values were calculated by use of the Prism 4 program (GraphPad Software, San Diego, CA). IC50s were determined as means Ϯ SE of three or more independent assays carried out in triplicate. All ELISA and in vivo studies were analyzed by one-way ANOVA with Tukey's post hoc test. In all cases, P Ͻ 0.05 was considered significant.
RESULTS
Initial Receptor Binding Screen
Initial receptor binding studies were carried out on analogs using membranes prepared from CHO-KISS1R cells. Binding studies produced an IC 50 of 1.00 Ϯ 0.34 nmol for KP-10 ( Fig. 1) . Initial analog binding studies showed that only one analog, ANA5, had an IC 50 lower than that of KP-10 itself. Other analogs had IC 50 s ranging from 3.2 to 447 nM, and ANA10 did not bind at concentrations up to 200 nM. Subsequent studies suggested that ANA19 ([dY] 1 KP-10) was a KISS1R super agonist, and the receptor binding curve for [dY] 1 KP-10 is thus shown (Fig. 1) .
Effect of KP-10 and Analogs on ERK1/2 Phosphorylation In Vitro
The effect of KP-10 on ERK1/2 activation was established. Treatment of plated cells with KP-10 at 100 or 1,000 nM induced phosphorylation of ERK1/2 in a dose-dependent manner at 5 min [0.521 Ϯ 0.014 arbitrary units (AU) (control), 0.752 Ϯ 0.07.32 AU (KP-10 100 nM), 0.931 Ϯ 0.0789 AU* (KP-10 1,000 nM); n ϭ 3; *P Ͻ 0.001].
All analogs were tested for their ability to induce ERK1/2 phosphorylation at 1,000 nM. The experiments were carried out on 3 separate study days, and the data are therefore represented as % basal response. [dY] 1 KP-10 and KP-10 significantly increased ERK phosphorylation compared with control. The effect of KP-10 compared with [dY] 1 KP-10 was not significantly different. Although several other analogs tested increased ERK phosphorylation, these changes did not reach statistical significance (Fig. 2A) .
Following this study, a dose-response study was carried out to compare the effects of [dY] 1 KP-10 at 1,000 or 10,000 nM doses significantly increased ERK phosphorylation compared with control (Fig. 2B) . There was no significant difference between the effects of KP-10 and [dY]
1 KP-10 at equal doses.
Studies to Determine Efficacy of Analogs In Vivo
To determine a dose-response for ip KP-10 in mice. Administration of 10 or 30 nmol KP-10 significantly increased plasma LH and administration of 1, 10, or 30 nmol KP-10 significantly increased plasma testosterone at t ϭ 20 ( Table 2) . Because a dose of 1 nmol KP-10 appeared to result in a maximal stimulation of testosterone, a lower dose of 0.5 nmol was used for future analog studies.
Plasma FSH was not significantly changed by KP-10 administration at any dose at this time point (data not shown). In vivo screen of analogs with IC 50 Ͻ 10 nM. Administration of all analogs and KP-10 increased total testosterone at t ϭ 20 min, but the relatively low n number meant that only the effects of ANA14, ANA17, and ANA19 ([dY] 1 KP-10) were statistically significant (Fig. 3 ).
ANA5 and ANA8 had previously been tested in vitro for their ability to activate KISS1R in a LacZ reporter gene assay in yeast (22) . ANA5 had been reported to have superagonistic activity in vitro, and, in contrast, ANA8 had been reported to have no agonistic activity at a concentration of 10 m. Since our studies suggested that ANA8 did bind to the KISS1R, and that ANA8 was thus a potential KISS1R antagonist, we investigated the effect of both ANA5 and ANA8 in vivo.
ANA5 stimulated the release of testosterone at 20 min. However, this effect was not as great as that of KP-10. At a dose of 0.5 nmol, ANA8 did not influence testosterone release. However, at a higher dose of 10 nmol, ANA8 significantly stimulated testosterone release (Fig. 4) , suggesting that ANA8 is a weak agonist of the KISS1R, rather than an antagonist.
Comparing 1 KP-10 significantly increased LH compared with saline and KP-10 at the same dose (Fig. 5A) . Testosterone was also significantly increased at these doses of [dY] 1 KP-10 compared with saline and significantly increased at 0.05 nmol [dY] 1 KP-10 compared with 0.05 nmol KP-10 ( Fig. 5B) . 
Comparing the time course of the effect of ip [dY]
1 KP-10 and KP-10 on plasma LH and testosterone.
[dY]
1 KP-10 has a lower binding affinity for the KISS1R than KP-10, suggesting that its increased potency in vivo could be due to increased longevity in the circulation.
Thus we compared the time course of the effects of 0.5 nmol KP-10 and [dY] 1 KP-10 at 60 min postinjection, which did not reach statistical significance (Fig. 6A) . At 120 min, plasma LH had returned to basal in all groups (data not shown).
[dY] 1 KP-10 significantly increased plasma testosterone levels at 20 and 60 min postinjection. Testosterone was raised in response to KP-10, but this change did not achieve statistical significance at any time point investigated (Fig. 6B) . At 120 KP-10 as a KISS1R agonist with greater in vivo bioactivity than KP-10. The kisspeptins stimulate the HPG axis and thus offer a target for therapies to treat reproductive disorders. KP-10 has a similar effect in vitro to its longer counterpart, KP-54. However, KP-10 is less potent than KP-54 in vivo, possibly because it is broken down more quickly in the circulation (32) . This limits the potential clinical utility of kisspeptin-10 itself. KP-54 is a much longer peptide, and consequently more expensive to produce, making it less economically viable as a potential therapy. Rational modification of the KP-10 structure to increase bioactivity may produce a molecule with increased therapeutic potential.
Initial receptor binding studies identified the residues in KP-10 critical for receptor binding. The phenylalanine (F) residues at position 6 and position 10 appear critical for KISS1R binding. Exchanging these phenylalanines for alanine, a similar amino acid , or D-phenylalanine greatly reduced the molecule's affinity for KISS1R.
During the course of these studies, several papers were published investigating the effect of sequential manipulation of KP-10 on in vitro and in vivo activity (8, 22, 24, 27) . Niida et al. (22) investigated the effects of a number of the human KP-10 analogs that we were also studying, specifically ANA1-10 (which they also designated ANA1-10) and 19 -21 (ANA11, 16, and 20, respectively, in their studies) on the in vitro activation of human KISS1R using a LacZ reporter gene system in yeast. Orsini et al. (24) also investigated the binding and agonistic activity of ANA1-10 and ANA15-17 at the human KISS1R. We have also investigated the receptor binding affinity and the ability of these analogs to stimulate intracellular signaling pathways, although in our case by measuring phosphorylation of ERK1/2. In addition, we have investigated the in vivo activity of those analogs that bound relatively well to the KISS1R. Our data are generally in accord with those described by Niida et al. and Orsini et al. However, unlike Niida et al., although in accord with Orsini et al., we found that although ANA5 bound with higher affinity to the KISS1R than KP-10, it was not more potent than KP-10 in vitro. We have also presented data that suggests that ANA5 is less potent than KP-10 in vivo. Thus while ANA5 may act as a KISS1R super agonist in specific in vitro systems, it does not appear to have greater activity than KP-10 in vivo.
Roseweir et al. (27) determined the binding and activity of a number of human KP-10 analogs at the human KISS1R in a series of studies to design an effective KISS1R antagonist. Their results also highlighted the importance of the five COOH-terminal amino acids to receptor activation. Because of the systematic design of these experiments, many of the analogs investigated incorporate a number of different substitutions. Other evidence suggests that the conformation of the Phe6-Gly7 peptide bond is important for bioactivity in human KP-10 (34). Specific amino acid substitutions at positions 1, 5, and 8 resulted in a high-affinity KISS1R antagonist, suggesting that these positions are important for the bioactivity of KP-10 (27).
Gutiérrez-Pascual et al. (8) investigated the rat analogs equivalent to the human analogs we designated ANA1-10, replacing sequential residues in the rat KP-10 molecule with alanine. Our findings are broadly in agreement with theirs. Their study also suggests that residues 6 and 10 are crucial for bioactivity of rat KP-10 at the rat Kiss1r. They suggest that the low agonist activity of ANA10 may reflect the importance of residue 10 in binding to the Kiss1r, but that this requires experimental confirmation. Binding data from our study and from Orsini et al. (24) strongly suggests that this is the case and that residue 10 of human KP-10 is critical for receptor binding. It would be interesting to determine the effects of a rodent [dY] 1 KP-10 analog on the HPG axis, and in particular whether such an analog would have greater bioactivity at the human KISS1R. Our studies did identify a novel potential super agonist for KISS1R. Interestingly, in the studies by Niida et al. investigated in vivo. Despite its lower affinity, it demonstrated a similar potency in vitro and greater potency in vivo than KP-10. The difference in concentrations required for the effects may be due to the use of an artificial reporter system of CHO-KISS1R cells.
[dY] 1 KP-10 appeared to have a more potent effect on LH and testosterone than KP-10 itself in vivo. No effect was seen on FSH, which may reflect that a higher dose was required. Endogenous kisspeptin has been reported to have an EC 50 for its stimulatory effect on FSH ten times greater than that for its effect on LH (31) .
Further experiments are required to determine whether the increased potency of [dY] 1 KP-10 in vivo reflects increased longevity of the molecule in circulation.
[dY] 1 KP-10 had a lower affinity for the human KISS1R in vitro, suggesting that its increased effects may not be due to improved receptor binding. The tyrosine at position 1 of endogenous KP-10 may therefore be a target for proteolytic cleavage. Alternatively, altering the molecule at this point may alter its confirmation sufficiently to impair proteolytic cleavage at other sites. It may be possible to further increase the longevity of the effects of [dY] 1 KP-10 extending the molecule to convert it to an analog of KP-54. Although this would increase the cost of synthesis, the improved longevity may be sufficient to justify this cost. It is interesting that ip administration of KP-10 to male mice at doses of up to 0.15 nmol did not significantly increase LH levels at 20 min following injection. We have previously found that relatively high doses of human KP-10 are required to stimulate the HPG axis in rats following peripheral administration (32, 33) . Mikkelsen et al. (16) have compared the effects of ip administration of mouse and human KP-10 on testosterone in mice and suggest that mouse KP-10 is more potent than human KP-10 at stimulating testosterone release in this model. The lack of effect we observed may therefore reflect this lower effectiveness of human KP-10 in mice.
The utility of manipulating the kisspeptin system as a disease treatment is still to be demonstrated. Several groups have suggested that this approach may have clinical utility in the treatment of reproductive disorders, such as delayed puberty, prostatic cancer, and metastatic cancer (9, 22, 28, 35) . Our studies have identified and tested a number of KP-10 analogs, one of which, [dY] 1 KP-10, has greater in vivo bioactivity than KP-10 itself. Further studies are required to explore the therapeutic potential of KISS1R super agonists.
